A mechanical lung model was used to investigate the effect of varying carbon dioxide production and deadspace on the end-tidal carbon dioxide levels achieved during mechanical ventilation when using the Bain, Humphrey ADE, and circle systems. Both factors had significant influence on end-tidal cardon dioxide concentration and could result in values in excess of those considered acceptable in clinical practice. The implications of the results are discussed.
The arterial carbon dioxide tension is determined by both intrinsic physiological and extrinsic physical factors when controlled ventilation is employed. The extrinsic factors include the ventilatory mode, the fresh gas flow, and the type of breathing system interposed between the ventilator and the patient. The intrinsic physiological variables include carbon dioxide production and total deadspace. I • 2 These variables, which are not routinely estimated or measured in clinical practice, may significantly influence the value of the end-tidal carbon dioxide achieved when using a breathing system for controlled ventilation. In clinical practice the end-tidal carbon dioxide level is used as an indicator of arterial carbon dioxide tension, although the relationship is affected by the deadspace-totidal volume ratio. The effect of either or both these variables is difficult to demonstrate in clinical studies but may be evaluated in vitro, by use of a lung model. METHODS AND EQUIPMENT The lung model (Figure 1 ) consisted of a plastic outer casing containing a two-litre reservoir bag connected to a BOC lung compliance simulator and primed with a measured one litre of air. Carbon dioxide was added to the outer casing continuously via a calibrated anaesthetic machine rotameter. Mixing was ensured by the use of a fan within the outer casing. A length of corrugated plastic tubing connected the 'lung' to the sensing equipment and anaesthetic breathing system under investigation, and this represented deadspace (called geometric deadspace). The sensing equipment consisted of a Hewlet-Packard (HP4 721 OA) Capnometer for measuring end-tidal C02 and an electronic Wright Flow Transducer to measure minute volume. The anaesthetic breathing system under investigation was connected to the end of the deadspace tubing via the sensing equipment. Fresh gas was provided as 100% oxygen via a precalibrated rotameter (Gapmeter). Both the rotameters used were calibrated using an Ohio Airco Spirometer to measure the volume of gas delivered over a measured period of ten minutes.
A Penlon Oxford Ventilator was used to ventilate the 'lung' through the breathing system. The anaesthetic breathing system was separated from the ventilator by two metres of corrugated tubing with a volume of at least 1.5 litres to prevent ventilator driving gas mixing in the anaesthetic breathing system. 3 The three anaesthetic breathing systems investigated were the Humphrey ADE in D mode, the Bain, and the circle. The figures for tidal volume were based on a 70 kg man. In the second part the apparatus was set up with a fixed geometric deadspact1 and the fresh gas flow reduced incrementally as the end-tidal carbon dioxide was recorded at different C02 productions. This was performed using a standard carbon dioxide production and changing the geometric deadspace, again with both systems. Each system was evaluated at all In the last part of the study the circle system, with absorbers, was evaluated. In these systems the end-tidal C02 is determined largely by the total ventilation and is independent of fresh gas flow, provided it is above basal requirements. Therefore in this part of the study, the minute ventilation was altered in a stepwise fashion and the end-tidal C02 measured. This was carried out with a geometric VD/VT range from 0.3 to 0.5 and with C02 production from 150-250 ml/min as in the previous experiments.
RESULTS

Validation of the model
A mathematical model was produced on computer using the equation derived by Keenan and Boyan 4 from the work of De Silva. 5
PaC02 is arterial partial pressure of carbon dioxide, VC02 is the volume of C02 produced in ml/min, YE is the expired minute volume, VF is the fresh gas flow, VD/VT is the deadspace tidal volume ratio, and PB-PH20 is a term correcting for barometric pressure and water vapour; since the model was run with dry gases this term was set at 1 ° 1. 3 kPa.
Fresh Gas Flow Umln Fresh Gas Flow Ilmin It was decided to test the model at a deadspace of 210 ml, a VD/VT of 0.3 with 200 mllmin C02 production. Since the model was using dry gases at atmospheric pressure the mathematical model was calculated without water vapour. As can be seen from the graph ( Figure 2 ) the mechanical and mathematical models provide similar results for similar circumstances of deadspace, C02 production, fresh gas flow and minute ventilation. At a fresh gas flow (YF) of 70 ml/kg these figures agree well with those found in clinical studies. 6 ,7 The effective total deadspace was evaluated by ventilation of the 'lung' without any deadspace tubing and this revealed an apparatus deadspace of 72 ml.
In the first part of the study the Bain and ADE were used. When the dead space was kept constant but the C02 production varied, the results seen in Figure 3 were found. When C02 production was constant and deadspace varied, the results seen in Figure 4 were found. Figures 3 and 4 demonstrate that increasing the C02 production or increasing VD/VT caused an increase in end-tidal C02 in both anaesthetic breathing sytems.
U sing a constant geometric VD/VT of 0.4 (280 ml), a change in C02 production from 150 to 250 mllmin causes the end-tidal C02 to rise from 5.0 to 8.5 kPa.
Keeping the C02 production constant at 200 mllmin, changing the geometric VD/VT from 0.3 to 0.5 causes the end-tidal C02 to rise from 6.0 to 7.2 kPa with the Bain and from 6.2 kPa to 7.5 kPa with the ADE.
Alterations of both parameters resulted in summation of the effects. The maximum variation, or 'worst case', would therefore be produced by circumstances of low C02 production and low VD/VT, or high C02 production combined with a high VDIVT. U sing the Bain and studying the worst cases (see Figure 5 ) where both C02 production and VD/VT are altered, the range from lowest to highest is 5.0 to 8.6 kPa at a VF of 70 mllkg.
Increasing the VF reduces the effect of this dual variation of both VD/VT and C02 production at 100 mllkg the difference between the 'worst cases' being 2.3 kPa. When the circle system was used (see Figure  6 ), deadspace changes and alterations in C02 production caused analogous changes in endtidal C02 values to those seen in D type systems. Using a fresh gas flow of 2.2Iitre/min at a minute ventilation of 100 ml/kg, a change in VD/VT from 0.3 to 0.5 caused a change in end-tidal C02 from 4.6 to 8.1 kPa. If dead space is kept constant at a VD/VT ratio 0.4 but C02 production is varied from 150 to 250 ml/min, the end-tidal C02 rises from 4.6 to 8.2.
DISCUSSION
Controlled ventilation with D systems is commonly used in anaesthetic practice. With defined fresh gas flows the end-tidal carbon dioxide is predictable in the general population but there are many situations where the value may vary considerably from the predicted value and this is in part due to variation in intrinsic factors such as carbon dioxide production or deadspace.
This in vitro study demonstrates the potential magnitude of the influence of these factors, individually, on end-tidal C02, when using the ADE and Bain systems during controlled ventilation. It further demonstrates that these effects may summate resulting in an even greater range of possible end-tidal carbon dioxide values when using a Fresh Gas Flow Vmln standard fresh gas flow. These findings are also shown to be relevant to the circle system when using predetermined total ventilation. While the effect of increasing carbon dioxide production was similar in all three systems, it is of interest to note that the influence of changing geometric deadspace is more clearly marked with the circle than with the D systems. The D system lacks valves and gas mixing occurs in systems with valves so that total deadspace is more directly related to geometric deadspace. Caution must be exercised when extrapolating in vitro studies which demonstrate that in the general population these systems, used with defined fresh gas flows, are reasonably predictable: 6 . 8 ,lo.11 there are few studies l2 commenting on the lack of predictability if either dead space or metabolic rate are abnormal. There is however at least one study in which a relevance of these findings may be seen. In that study the fresh gas flows required for normocarbia, using a D system, were found to be greater than expected in late pregnancy, although the mechanism, in terms of dead space or carbon dioxide production, was not defined. 9 This phenomenon is also seen in the high fresh gas flows required in patients who are septic and presumably hypercatabolic. In clinical practice it is difficult to measure either C02 production or functional dead space routinely. Attempts to compensate for this lack have been made using the Radford nomogram. 13 This nomogram was derived using healthy physiologically normal volunteers who were not intubated, and therefore the relevance of such corrections to clinical use has been questioned. 14 However, end-tidal carbon dioxide measurement is a rapid and now simple means of confirming that normocarbia is achieved by the fresh gas flow being used.
This study demonstrates the potential magnitude of influence of variations of C02 production and dead space on end-tidal C02. Neither variable is routinely measured in anaesthesia and the suggestion is made that while the use of standard fresh gas flows to achieve normocarbia may be adequate for a Minule Ventilalion I/min MlnuleVenlilalionllmin FIGURE 6.-(a) Effects of varying CO 2 production when ventilating the circle system with soda-lime absorber, at a constant deadspace of 280 ml. (b) Effects of varying deadspace with a constant CO 2 production of 20 ml/min, when ventilating the circle system with soda-lime absorbtion.
proportion of the clinical population, the monitoring of end-tidal C02 values is essential if all patients are to remain within safe limits.
